Determination of the electromagnetic character of soft dipole modes solely based on 

quasicontinuous 7 spectroscopy 
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We show that the combined analysis of the quasicontinuous 7 spectra from the ( 3 He,a) and 
the (n t h, 27) reactions gives the possibility to measure the electromagnetic character of soft dipole 
resonances. Two-step 7-cascade spectra have been calculated, using level densities and radiative 
strength functions from the ( 3 He,a7) reaction. The calculations show that the intensity of the two- 
step cascades depends on the electromagnetic character of the soft dipole resonance under study. 
The difference reaches 40-100% which can be measured experimentally. 
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I. INTRODUCTION 

A soft resonance was observed for the first time by 
Jackson and Kinsey [Q in the (n, 7) reaction for heavy 
nuclei (^4 > 70) near closed shells as an 'anomalous' 
bump appearing in the quasicontinuous 7 spectrum at 
E-y ~ 5.5 MeV. This resonance was called pygmy reso- 
nance (PR) because of its small strength compared to the 
known, giant dipole resonance observed in photonuclear 
reactions Later, a similar 'anomalous' bump was ob- 
served for the well-deformed rare-earth nucleus 170 Tm, 
but at the considerably lower energy of E 1 ~ 3.0 MeV 
H . A systematic investigation of the PR in the rare-earth 
mass region and beyond was made by Igashira et al. j| , 
where they found that the centroid of the PR is approx- 
imately proportional to the mass number A and varying 
from as low as 1.5 MeV for 142 Pr to 5.6 MeV for 198 Au. 
While all those studies have been performed using radia- 
tive neutron capture, the PR was recently observed also 
in the radiative strength function (RSF) derived from 
the ( 3 He,a7) reaction j^]. This supports the assumption 
that the fundamental origin of this phenomenon is inde- 
pendent of the type of nuclear reaction. 

However, in spite of the fact that the PR has been stud- 
ied for a long time, the type of nuclear excitation respon- 
sible for the PR in the RSF remains unknown. Theory jf| 
predicts an El PR around 5.5 MeV in 208 Pb. The origin 
for the PR in this calculation is a supposed concentra- 
tion of electric dipole strength in few low-energy states 
composed of 3p _1 4s, 3p~ 1 3d, and 2f~ 1 3d neutron config- 
urations which arc relatively weakly coupled to the giant 



electric dipole resonance (GEDR). This model suggest a 
quite strong PR which is not supported by experimen- 
tal data. However, recently some indications in (7, 7') 
experiments for the existence of a weak El PR in lead 
nuclei have been discussed On the other hand, the 
hypothesis has been suggested || that the PR observed 
at E 1 ~ 3.0 MeV in the quasicontinuous 7 spectra of 
well-deformed rare-earth nuclei and the so-called 'scis- 
sors mode' excitation studied by the nuclear resonance 
fluorescence method (NRF) |)| have the same physical 
origin. This would imply Ml multipolarity for the PR 
and is supported by the similarity of the measured reso- 
nance parameters in the quasicontinuous 7 spectrum on 
the one hand, and the averaged properties of individual 
M 1 transitions seen in NRF experiments on the other 
hand. Finally, one can not exclude the possibility that 
the multipolarity of the PR can be different for differ- 
ent nuclei, i.e., one has to deal with different phenomena 
in different mass or energy regions. In conclusion, while 
the commonly-called pygmy resonance is most probably 
a dipole resonance, the electromagnetic character of this 
soft dipole mode remains unknown. 

In NRF experiments, one can, in principle, measure 
the multipolarity and character of the involved 7 tran- 
sitions, but one is usually limited to the investigation 
of the soft dipole resonances built on the ground state. 
Even so, for reliable results above ~ 4 MeV, one should 
prefer the use of a polarized photon beam over common 
Compton polarimeters JlQ] , Anyway, in order to study 
average properties of the soft dipole modes built on ex- 
cited states, one has to analyze quasicontinuous 7 spec- 
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tra. To do so using a polarimeter might prove very hard, 
since the soft dipole mode is in general a weak resonance 
superimposed on the rather large tail of the GEDR || 
giving a very low signal-to-background ratio in the anal- 
ysis. Unfortunately, with the exclusion of Compton po- 
larimetry, there are no other known direct experimental 
methods 1 to determine the electromagnetic character of 
soft dipole modes in quasicontinuous 7 spectroscopy. In 
this work, we propose the possibility to determine the 
character of soft dipole modes solely by using quasicon- 
tinuous 7 spectra from two different types of reactions, 
namely the ( 3 He,a7) and the (n, 27) reactions applied to 
the study of the same nucleus. This will enable us to 
study soft dipole modes built on excited states and their 
response to finite nuclear temperature. 



II. ( 3 HE,«7) REACTION 

The ( 3 He,a7) reaction is used for the extraction of level 
densities and RSFs from primary 7 spectra P(Ei, Ej) for 
excitation energies Ei between and the neutron bind- 
ing energy B n and for spins between 2 and 6h. The 
fundamental assumption behind the extraction proce- 
dure is the Brink-Axel hypothesis Jll|,|l2| which implies 
that the probability of radiative decay in the statistical 
regime, represented by the primary 7 spectra, can be ex- 
pressed simply as a product of the final-state level density 
p(Ef = Ei — Ej) and the 7-ray transmission coefficient 
T(£? 7 ) 



P{E l ,E 1 ) oc T(E 1 )p(Ef). 



(1) 



The 7-ray transmission coefficient is now proportional to 

Y l XL E y L+1 f XL ( E l)i where f XL ( E l) is the RSF of thc 

multipolarity XL. The details of the experimental ex- 
traction procedure have been described in Refs. [ ^3|Jf4| 
and references therein. 

In Ref . H , the total RSFs has been obtained from such 
experiments and analyzed for the 161 > 162 Dy and 171 > 172 Yb 
nuclei. It has been established that the total RSF can be 
readily described by the sum of 

• the tail of the GEDR as given by the Kadmenskii- 
Markushev-Furman (KMF) model [jl5j with a fixed 
nuclear temperature fitted to the experimental data 

• the Lorentzian-shaped, single-humped spin-flip gi- 
ant magnetic dipole resonance (GMDR) located 
around 7 MeV of excitation energy 

• a Lorentzian-shaped soft dipole mode or PR, where 
the resonance parameters were determined from ex- 
periment ||. 



Although the centroid, width and strength of the soft 
dipole mode could be determined from experiment, its 
electromagnetic character could not. Thus, the question 
still remains open, whether it is of El or Ml type. Thc 
remaining of this work is therefore devoted to describ- 
ing a method of determining the character of soft dipole 
modes observed in quasicontinuous 7 spectra. 



III. (N, 27) REACTION 

In the (n, 27) reaction with thermal neutrons, the com- 
pound state i is formed with spin and parity J? = 
I w ± 1/2, where I* is the spin and parity of the target 
nucleus. The most intense two-step 7 cascades (TSCs) 
accessible to experimental study populate low-lying ex- 
cited states with excitation energies Ej up to around 
1 MeV U). 

Thus, TSCs start from the initial (compound) state i 
with a certain spin and parity to a final state / through 
all possible intermediate levels j with excitation energies 
from Ef to Ei = B n . The possible spins of the interme- 
diate levels J? are determined by the multipolarities in 
the TSCs. Assuming that the most intense TSCs have 
dipole multipolarity, the most probable spin interval for 
the intermediate level can be defined as 

max [Ji - 1, J f - 1] < Jj < min [J 4 + l,J f + l}. (2) 

Assuming the validity of the statistical theory, the in- 
tensity of TSCs between i — > j — > / levels is determined 
by the partial and total radiative widths of both, the 
initial 1^,1^ and intermediate Tjf,Tj levels, respectively 



t77 _ tj± T?7 
ijf t>. r ■ ' 



(3) 



Partial radiative widths of any arbitrary level I can be 
expressed in terms of the RSF f XL {E 1 ) 

Tf m L (E 7 = E- E m ) = f XL {E^)E^D l {E l ), (4) 

where Di is the energy spacing of levels having the same 
spin and parity as I |p_ 7|| . The total radiative width is de- 
termined by the sum of all partial radiative widths Tj m 
summed over all 7 transitions populating levels m lying 
below I in excitation energy, i.e., Ti — J2 m <i ^irn- 

The multipolarities of the transitions in a TSC depend 
on the spins and parities of the connected states. Here, 
we assume that the main contributions come from El 
and Ml 7 transitions. Also some E2 strength will be 



1 The involved transition energies are in general too high for 
an efficient use of conversion electrons for multipolarity and 
character determination. 
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present, but is neglected in the present discussion. Thus, 
if the parities of the initial i and final / states are differ- 
ent, the (El, Ml) and (Ml, El) sequences of transition 
multipolarities are possible. In the case of equal pari- 
ties of the initial i and final / states, the 7-transitions of 
the TSCs have (El, El) and (Ml, Ml) multipolarities. 
Because there is in general no possibility to distinguish 
between primary £7 7l and secondary £ 72 transitions in 
the cascade, 2 the observed spectrum with the total TSC 
energy E tot — £7 71 + E 12 = B n — Ef is symmetric with 
respect to the energy E 1 = E tot /2 and is determined by 



dN(Ey,E tot) 



dE~ 



(5) 



E 

L,L',J 
X.X'-rr 



r^(£ 7 ) Tf^'(E 



tot Eey ) jt; 



+ E ^^-^ r -^^ P f(E f+ E y ), 

*- i ± h 

L,L',J 
X,X',ir 

where pj and ph denote the density of intermediate lev- 
els populated by TSCs, and the sums run over all pos- 



sible combinations of L,L'J and X, X' 



Thus, we 



notice that the quasicontinuous 7-spectra from both, the 
( 3 He,a7) and the (n, 27) reaction are determined by the 
same level densities and RSFs. This allows us to use 
the quantities which can be extracted from the ( 3 He,a7) 
reaction in order to calculate the quasicontinuous spec- 
tra of TSCs following thermal neutron capture. In the 
following, we will mainly focus on the influence of the un- 
known electromagnetic character of the soft dipole mode 
on calculated TSC spectra. 



IV. CHARACTER OF SOFT DIPOLE MODES 

For the sake of simplicity, we first consider the TSC 
with the (El, All) sequence of transition multipolari- 
ties. If the soft dipole mode is of Ml character, the 
corresponding strength function / SD should be added 
incoherently to the spin-flip GMDR strength function 
/ SF giving the total magnetic dipole strength function 
/ = / SF + / SD - The same is correct for the radia- 
tive widths T M1 = T SF + r SD . The El strength function 
is then completely determined by the tail of the GEDR 
(modeled in this work by the KMF approach). The in- 
tensity of (El, Ml) TSCs can therefore be written as 



rSD=Afl 

L ijf 



r£ MF (£7 71 ) [T S J(E, 2 ) + T^(E, 2 )} 



(6) 



rSD=Ml 
L ijf 



1 ij ( A 7l) 1 , / 1 ' • 



^j(E l2 ) 



(7) 



In the case of the soft dipole mode being of El char- 
acter, the total electric dipole strength function f E1 
is given by the incoherent sum of the KMF strength 
function J KMF and the soft dipole resonance / SD , i.e., 
f m = f^ MF + f SD . The intensity of the (£71, Ml) cas- 
cade can then be expressed as 



pKMF/p 
T SB=E1 _ 1 ij v 7 
X Hf ~ r 

1 % 



i1f(£ 71 ) 
r* MF (£ 71 ) 



(8) 



The ratio of the cascade intensities (0) and (|J) is finally 
determined by 



rSD=Bl 
'ijf 

rSD=Afl 
'ijf 



(9) 



One can see that this ratio depends on the ratios of the 
soft dipole and the KMF-GEDR strength function and 
on the ratio of the soft dipole and the spin-flip GMDR 
strength function for primary (i — > j, E 71 ) and secondary 
(j —> f, E l2 ) transitions, respectively. It is known from 
Ref. H that the spin-flip GMDR strength function / SF 
is less than ~ 20% in magnitude than the tail of the 
GEDR strength function / KMF according to the KMF 
model. Therefore, it is expected that the intensity of the 
calculated TSCs will be higher in the case of Ml char- 
acter of the soft dipole resonance under study than for 
El character, provided that the parities of the initial and 
final state are opposite. The main differences in the cal- 
culated TSC spectra for the two possible characters of 
the soft dipole mode are expected to be located around 
its centroid, i.e., in the region of E 1 ~ 2.5 — 3.5 MeV for 
deformed rare earth nuclei. 

By analogy with Eqs. (Q) and (@), similar expressions 
can be written for the (Ml, £71) sequence of multipolar- 
ities in the TSC. For the (£71, £71) and the (Ml, Ml) 
sequences, i.e., for equal parities of the initial and final 
state, the situation is more complex and it is more dif- 
ficult to draw conclusions from simple relations similar 
to Eqs. (^j|). In general, one can state that in these 
cases, the calculated TSC intensities will be higher for 
£71 than for Ml multipolarity of the soft dipole mode 



2 Ordering the 7 transitions in TSC experiments has been 
attempted in, e.g., Q 
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under study, but the differences between the two calcu- 
lations are smaller than in the case of opposite parities 
of the initial and final state. 

In order to investigate the intensity difference of calcu- 
lated TSC spectra due to the two possible characters of 
the soft dipole resonance, we have calculated such spectra 
according to Eq. (||) for the two even-even nuclei 162 Dy 
and 172 Yb and the odd nucleus 161 Dy. For all of these 
nuclei, the level density and total RSF, as well as the 
resonance parameters of the soft dipole mode have been 
obtained from ( 3 He,a7) experiments ||. We will inves- 
tigate TSCs populating the first 2+ level of the 162 Dy 
and 172 Yb nuclei. The initial states (which are formed at 
B n ) have mainly spin and parity J? — 3 + and J* = 0~ 
for the 162 Dy and 172 Yb nuclei, respectively. Thus, we 
can investigate the (El, El) and (Ml, Ml) sequences of 
TSCs in the case of the 162 Dy nucleus and the (El, Ml) 
and (Ml, El) sequences in the case of the 172 Yb nucleus. 
The 161 Dy nucleus is interesting because it has two low 
lying levels 5/2 + and 5/2~ which are very close in ex- 
citation energy (0 and 25.6 keV respectively) and which 
have the same spin but opposite parity. The initial state 
(formed by thermal neutron capture) has = 1/2+. 
Thus, we can investigate (El, El) and (Ml, Ml) as well 
as (El, Ml) and (Ml, El) cascades for the same nucleus. 

Because the spin interval accessible for 7-transitions is 
different for the ( 3 He,a7) and (n, 27) reaction, a spin dis- 
tribution of the level density has to be taken into account. 
We assume the spin distribution according to |l9| 

g(E,I) = ^^exp [-(/+ l/2) 2 /2a 2 ] , (10) 

where a is the excitation-energy dependent spin cut-off 
parameter. Furthermore, we assume equal amounts of 
levels with positive and negative parities for all relevant 
spins and excitation energies. 

The calculated TSC spectra for the different nuclei and 
final states are given in Figs. [I] and ||. The calculations 
were carried out for both possible characters of the soft 
dipole mode, giving two solutions. The summed inten- 
sities of all TSCs (the integrals over the TSC spectra) 
populating a fixed low lying level are shown in Table |. 
The results of the calculations show that the two possible 
electromagnetic characters of the soft dipole resonance 
yield different spectral distributions of TSCs as well as 
different summed intensities. In the more favorable cases 
where the parities of the initial and final states are oppo- 
site, the summed intensity differs between 30% for 172 Yb 
and up to a factor of two for 161 Dy with the Ml multi- 
polarity for the soft dipole mode resulting in the higher 
intensities. The spectral distributions give differences of 
up to a factor of two to three at energies which corre- 
spond to the centroid of the soft dipole resonance and 
show markedly different shapes. For the less favorable 
cases where the parities of the initial and final states are 
equal, the differences in summed intensities amounts only 
to 15% for the 162 Dy nucleus and ~45% for the 161 Dy nu- 
cleus with the El multipolarity giving the higher intensi- 



ties. The spectral distributions for the two possible elec- 
tromagnetic characters differ between 25% and a factor 
of two around the centroid of the soft dipole resonance. 
Again the shapes of the TSCs spectra show differences 
as well. 

Thus, we see that the intensity of the TSC transitions 
can depend strongly on the character of the soft dipole 
resonance under study. The effect should certainly be 
large enough to be measured experimentally, especially 
for TSCs with opposite parities of the initial and final 
states connected by the TSC transitions. This fact should 
open the possibility to use the experimental measure- 
ments of TSC spectra to determinate the character of 
soft dipole modes observed in the analysis of ( 3 He,a7) 
reaction data, i.e., using solely quasicontinuous 7 spec- 
troscopy. 

V. POSSIBLE SYSTEMATIC ERRORS AND 
OTHER CONSIDERATIONS 

It should be noted that the statements and conclusions 
discussed above are based on some fundamental assump- 
tions. The most important of these is that the 7 emission 
in both reactions discussed is of statistical nature. For 
the ( 3 He,a7) reaction, this means that the decay prop- 
erties of the ensemble of reaction selected states within 
a certain energy bin are independent of whether these 
states are directly populated by a particles through the 
nuclear reaction or by 7-transitions from higher excited 
states. This is believed to be approximately fulfilled be- 
cause the relatively long life time of the excited states 
(~ 10~ 15 s) gives the nucleus time to thermalize prior to 
radiative decay. The same is assumed for the (n, 27) reac- 
tion, i.e., it is assumed that the reaction proceeds through 
a compound state which has a long life time and that the 
radiative decay properties of this compound state are in- 
dependent of its formation. It is also assumed for both 
reactions that the mean values of the radiative widths 
(Tif) are independent on the structure of the connected 
states and are defined by the relevant level spacings and 
RSFs. 

These assumptions have been partly tested for the 
162 Dy nucleus (s|. It has been shown that the mea- 
sured total 7-ray spectrum of the 161 Dy(n, 7) 162 Dy re- 
action with keV neutrons can be very well reproduced 
by using the level density and RSFs obtained from 
the 163 Dy( 3 He, cry) 162 Dy reaction. Additionally, for the 
162 Dy nucleus, the essentially same level density and RSF 
have been obtained from the 162 Dy( 3 He, 3 He'7) 162 Dy re- 
action ]2(J • These results strongly support the statistical 
model for the radiative decay in these reactions and the 
correctness of the extraction procedure for level densities 
and RSFs in the case of the 3 He induced reactions. 

A second difficulty in the above outlined method to 
measure the multipolarity of soft dipole resonances comes 
from the fact that the extraction procedure for level den- 
sities and RSFs applied to the ( 3 He,a7) reaction allows 
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us to get only the total RSF, i.e., the incoherent sum of 
all multipolarities. Decomposition of the total RSF into 
strength functions connected to definite multipolarities 
is determined by corresponding models used to describe 
the El and Ml strength in nuclei. This model dependent 
analysis can, in principle, give additional uncertainties to 
the analysis of TSC spectra. However, it has been shown 
H that if one tests only widely accepted models of El 
and Ml strength functions in well-deformed rare earth 
nuclei, the total RSF extracted from the ( 3 He,a7) re- 
action allows one to select only the KMF model with a 
constant nuclear temperature for the tail of the GEDR, a 
single-humped Lorentzian for the spin-flip GMDR reso- 
nance, 3 and a Lorentzian for the soft dipole mode. From 
this point of view, the measurements of TSC spectra can 
also be considered as an additional test of this decompo- 
sition. 

Finally, investigating the same residual nucleus by the 
( 3 He,a7) and (n, 27) reaction, requires two target nuclei 
with neutron number differing by two units. If we restrict 
the search to stable targets of well-deformed rare-earth 
nuclei, only 22 of such pairs of target nuclei exist be- 
tween Gd and Hf. 4 Unfortunately, until now, there is, to 
our knowledge, no published data set from both reactions 
populating the same residual nucleus. Thus, the analy- 
sis outlined in this work can not be performed without 
additional experimental efforts. 



VI. CONCLUSION 

We have shown that a joint experimental investigation 
of the same product nucleus by the two different reac- 
tions ( 3 He,a7) and (n, 27), can be used to determine the 
character of soft dipole resonances observed in the RSF. 
The first reaction is used for extracting the level density 
and the total RSF of the residual nucleus. The subse- 
quent decomposition of this total RSF into the tail of 
the GEDR, the GMDR, and the soft dipole resonance is 
model dependent and subject to possible systematic er- 
rors. The second reaction can then be used to determine 
the character of the soft dipole resonance via the mea- 
surement of TSC intensities. The most suitable TSCs 
for this analysis are those with opposite parity of the 
initial and final level. The results from the (n, 27) ex- 
periment can also be used as an additional test for the 
correct decomposition of the total RSF obtained from the 
( 3 He,a7) experiment into modeled electric and magnetic 



dipole strength functions. Finally, the exclusive use of 
quasicontinuous 7 spectra for determining the character 
of soft dipole modes gives us, in contrast to typical NRF 
experiments, for the first time the opportunity to study 
soft dipole resonances built on excited states and their 
response to finite nuclear temperatures. 
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TABLE I. Summed TSC intensities J"\ IJ^ over all intermediate states j, and calculated under the assumption of El or 
Ml multipolarity of the soft dipole resonance. 



nucleus 


162 Dy 


i72 Yb 




161 Dy 


T7T TTT 

f . 


3+^2+ 


0" 2+ 


1/2+ 5/2+ 


1/2+ -f 5/2" 


multipolarity 


El Ml 


El Ml 


£1 Ml 


El Ml 


J2j r ijf t % P er capture] 


4.9 4.2 


8.1 11.3 




0.9 2.0 



7 




7 energy [MeV] 

FIG. 1. Calculated spectra of TSCs to the first 2+ state from the 161 Dy(n, 27) 162 Dy (upper panel) and 171 Yb(n, 27) 172 Yb 
(lower panel) reactions. Due to the unknown multipolarity of the soft dipole mode, we obtain two different solutions corre- 
sponding to El (dashed line) or Ml (solid line) multipolarity. Comparison to experimental data will reveal which of the El or 
Ml assignment is the most probable. 



8 



1—) 


3.0 


K: 






<— i 

O 


2 


5 


_ 






1 






■*-> 
CL 




n 


o 






CJ 


1 


vJ 


c 






o 








1 

l 











O 






^_ 






X5 






C 






o 








> 




















1 


5 


o 










w 








1 





'co 






c 






o 






-t-' 

c 





5 


CJ 






00 






1— 










q o i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I 








2 3 4 

7 energy [MeV] 



FIG. 2. Same as Fig. |l] but for the 160 Dy(n, 27) 161 Dy reaction and for two different final states with spins 5/2 + (upper panel) 
and 5/2" (lower panel). The calculations must describe experimental TSC spectra to both final spins simultaneously assuming 
one and the same multipolarity for the soft dipole mode. 
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